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DOI: 10.1039/c0jm01774dComposites of Nafion with a class of bio-molecules viz., plant hormones, are explored as potential
polymer electrolytes for improving the proton transport inside the catalyst layer of a H2/O2 fuel cell.
Specifically, four nitrogenous plant hormones, two each from the class of auxins and cytokinins have
been investigated, following preliminary characterization of the composite dispersions and membranes.
Interestingly, the use of indole-3-acetic acid (an auxin) in the catalyst layer reveals a 30% enhancement
in Pt catalyst utilization and improved fuel cell performance by 150 mW cm2. The effect of these
bio-molecules on the kinetic and mass transport parameters has been analyzed systematically using
a combination of electrochemical and spectroscopic techniques.Introduction
Polymer electrolyte fuel cells (PEFCs) are one of the major
options for achieving sustainable energy conversion for portable,
stationary and automobile applications.1 One of the critical
challenges in commercializing PEFCs is their high cost. The cost
factor arises mainly due to the use of Pt as the catalyst, which has
been addressed by various research groups by reducing the
amount of Pt by using bimetallic catalysts (instead of pure Pt)
and by improving the utilization of Pt in the catalyst layer.2
Interesting reports in this area include a demonstration of the
catalytic efficiency of a conducting polymer, poly(3,4-ethyl-
enedioxythiophene) (PEDOT) and nitrogen-doped graphene for
oxygen reduction to replace Pt altogether in the catalyst layer.3,4
However, the current densities obtained with PEDOT electrodes
are very low (6 mA cm2) and hence these electrodes are
particularly suitable only for microfuel cells. Also the perfor-
mance is significantly lower than that of Pt at acidic conditions
(pH ¼ 1) used in fuel cells that involve proton exchange
membranes. Another important progress in this area is the
reduction in Pt loading by depositing a monolayer of Pt on non-
noble metal cores.5 On the other hand, improving catalyst
utilization requires careful engineering of the complicated
microstructure of the carbon support which consists of micro-
pores that trap the catalyst particles eventually leading to poor
interfacial contact with the polymer electrolyte (triple phase
boundary).6 For instance, carbon nanofibers have been selec-
tively decorated with Pt in the inner and outer walls to yield
better Pt dispersion and higher utilization.7 On the other hand,
graded-porosity electrodes have been introduced recently for
improving water management and gas diffusion in PEFCs.8
Some of the most important factors related to the catalyst layer
include, dissolution and diffusion of protons, H2 and O2 throughPhysical and Materials Chemistry Division, National Chemical
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This journal is ª The Royal Society of Chemistry 2010the polymer electrolyte layer encapsulating the catalyst
agglomerates, electronic conduction through the carbon support,
partial pressure of O2, ionomer loading and Pt loading. Most of
these parameters have been optimized especially in the case of
Nafion-based PEFCs operating at medium temperatures (60 to
80 C), by improving the engineering aspects of membrane–
electrode assembly (MEA) fabrication. Hence further improve-
ment in the oxygen reduction reaction (ORR) kinetics and the
fuel cell performance requires a rationale different from the
existing approaches.
Increased attention is being given nowadays to bio-inspired
strategies, exploiting the similarities in the functional aspects of
biological systems with some of the fuel cell components.9 For
instance, a number of metalloenzymes catalyzing the ORR,10
have been successfully investigated as cathode catalysts in H2/O2
PEFCs. However, their performance is suitable only for small
power requirements like that of pacemakers and biosensors. As
an alternative approach, the addition of metalloenzymes or their
active sites to the state-of-the-art fuel cell cathodes is emerging
rapidly. For example, alternate assemblies of metallo-porphyrins
with platinum nanoparticles have been identified as tunable
electrocatalysts for the ORR.11 On the other hand, cobalt
phthalocyanine is found to increase the solubility of O2 in the
ionomer layer encapsulating the Pt particles in the cathode.12
Similarly, the effect of adsorbing Uracil, a nitrogenous base
found in ribonucleic acids, on the ORR activity of Pt electrodes
has been investigated.13 However, almost all of the bio-inspired
strategies discussed above, despite their fundamental interest,
result in performance lower than that of the conventional
PEFCs. Nevertheless, the performance of bio-inspired electrodes
could be improved by choosing a different class of molecules
other than porphyrins, nucleobases and metalloenzymes, which
take part in physiological pathways more relevant to H2/O2 fuel
cells.
In this context, plant hormones constitute one of the least
explored classes of biomolecules for fuel cell applications prob-
ably due to the diversity in their molecular structures and
comparatively less understood biochemical pathways compared
to those in animal systems. Plant hormones are broadly classifiedJ. Mater. Chem., 2010, 20, 9651–9657 | 9651
Fig. 1 Molecular structures of plant hormones used in the present study
a) 6-benzylamino purine (BAP); b) indole-3-butyric acid (IBA); c) indole-
3-acetic acid (IAA); d) kinetin among which (a) and (d) are cytokinins
whereas (b) and (c) are auxins.
Fig. 2 Diffuse reflectance infrared spectra of a) Nafion/kinetin;
b) Nafion/BAP; c) Nafion/IBA; d) Nafion/IAA with a hormone loading
of 2.5 mg ml1. e) Pristine Nafion membrane.
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View Onlineas auxins, cytokinins and gibberellins based on their physiolog-
ical functions. As the objective of the present work is to interface
plant hormones with the proton conducting polymer (Nafion for
fuel cell applications), only those molecules which are involved in
proton transport related processes in biological systems will be
considered (Fig. 1). Accordingly, we have chosen two cytokinins
viz., kinetin, 6-benzylaminopurine and two auxins viz., indole-3-
acetic acid (IAA) and indole-3-butyric acid (IBA) for the present
study. The present investigation validates the interesting option
of using plant hormones for boosting the performance of PEFCs.
Moreover, this investigation may pave the way to the deploy-
ment of more natural products, or even plant extracts directly, to
improve the performance of PEFCs.Fig. 3 Solid-state cyclic voltammograms of a) Nafion/kinetin; b)
Nafion/IBA; c) Nafion/BAP; d) Nafion/IAA membranes with a hormone
loading of 2.5 mg ml1. Working electrode: Pt disk; counter electrode: Pt
wire; reference electrode: AgCl coated Ag wire.Results and discussion
Before introducing the plant hormones into the catalyst layer of
MEAs, their compatibility with Nafion was assessed by
analyzing the respective composite dispersions and membranes.
The stability of Nafion with hormone molecules was tested as
follows. 5 wt% Nafion dispersions containing dissolved
hormones analyzed using UV-visible spectroscopy reveal that
there is no specific chemical interaction between Nafion and the
hormone molecule. Specifically, the UV-visible spectra of the
pristine hormone solutions (in ethanol) are similar to those in
the presence of Nafion which have also been checked once in
every 24 h for a period of 1 week at various hormone concen-
trations (2.5, 0.5, 0.1 mg ml1). However, the pH of the Nafion
dispersion is found to increase after the addition of each of the
hormones, probably due to acidification of the hormone mole-
cules by Nafion. Subsequent analysis of the composite
membranes cast from the respective dispersions using FTIR
spectroscopy indicates that the region of the spectra corre-
sponding to the vibrational stretching frequency of the sulfonic
acid groups (1067 and 1032 cm1) is almost similar to that of the
pristine Nafion membrane in the case of IBA, BAP and kinetin-
modified membranes (Fig. 2). However, the FTIR spectrum of
the Nafion/IAA composite membrane when expanded indicates
many subtle changes in the characteristic frequencies of the
sulfonic acid groups (1067 and 1332 cm1)16 present in the9652 | J. Mater. Chem., 2010, 20, 9651–9657pendant chains of Nafion with a red shift of 7 cm1 and 3 cm1 for
the symmetric and asymmetric stretching vibrations respectively.
On the other hand, the differences observed in the IBA-modified
Nafion film compared to the other four samples in the region
between 1800 cm1 and 3000 cm1 could be due to a change in
water content of this membrane. In addition, the C–Cstr
frequency is found to be lower than that of pristine Nafion by 17
cm1, indicating a weakening of the C–C bonds, which could also
be one of the probable reasons for the poor mechanical stability
observed in the case of the composite membranes compared to
that of a pristine Nafion membrane. On the other hand, thermal
analysis shows that there is no significant effect of hormone
incorporation on the thermal stability of Nafion membrane.
Further, the electrochemical stability of the composite
membranes could be evaluated from solid state cyclic voltam-
metry performed using a home-made all-solid-stateThis journal is ª The Royal Society of Chemistry 2010
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View Onlineelectrochemical cell.14 Accordingly, Fig. 3 shows the solid state
voltammograms of the composite membranes, with all of them
exhibiting a considerably wide electrochemical potential window,
except for the Nafion/kinetin membrane, which shows a small
anodic wave at about 0.5 V vs. Ag/AgCl probably due to the
oxidation of kinetin.17 This could also be compared to the
observation that the Nafion/kinetin composite membrane, which
is originally colorless, turns black when aged for 2 days.
Thus the above preliminary investigations reveal that the
hormones can serve as proton conducting conduits in the Nafion
matrix without significant impact on the chemical structure and
thermal stability of the polymer electrolyte membrane, indicating
their possible application in PEFCs. However, the poor
mechanical stability of the resulting membrane precludes the
deployment of the composite membranes directly as electrolytes
in fuel cells. Hence, as an alternative approach, we proceed
further by employing the Nafion/hormone composite dispersions
as binders in the catalyst layer of the fuel cells.
Having proved their compatibility with Nafion membranes we
carried out fuel cell polarization experiments to evaluate their
influence in increasing the Pt utilization. Fig. 4a shows theFig. 4 Single cell polarization plots of MEAs measured at 60 C using
Nafion115 as the polymer electrolyte membrane. (a) With different
hormones and Nafion (reference system) binder in the catalyst layer. (b)
Single cell polarization plots of MEAs with varying amounts of IAA in
the catalyst.
This journal is ª The Royal Society of Chemistry 2010superimposed steady state polarization plots of H2/O2 fuel cells
(at 60 C) containing Nafion115 membrane as the polymer
electrolyte with different hormones in the catalyst layer. While
the maximum performance reported for the system built with
state-of-the-art technology is 600 mW cm2, the performance
obtained with the fuel cell design and testing procedures
employed in the present study is 250 mW cm2, which is used as
the benchmark (denoted as the ‘reference system’). An interesting
enhancement in the fuel cell performance (by 100 mW cm2) is
observed for the MEA containing IAA in the catalyst layer
compared to the reference system. On the other hand, the rest of
the hormones exhibit only poor performance compared to the
reference system with the cytokinins (BAP and kinetin) showing
very poor performance compared to that with the auxin, IBA.
While the pH of the composite dispersions and the electro-
chemical stability window of the corresponding membranes are
almost similar, only IAA is capable of enhancing the perfor-
mance of the PEFC. Although specific reasons for this discrim-
ination could not be identified, which may require in situ
spectroscopic examination of the fuel cell under operation,
a probable reason could be the difference in chemical stability of
the hormones in the presence of the reactive intermediates
produced during the fuel cell reactions. Also, in this context,
special mention is to be made of the auxin, indole-3-acetic acid
(IAA), a powerful plant hormone capable of stimulating
a number of functions at in vivo concentrations as low as 108
M.18 There is an astonishing correspondence of its physiological
activity with the critical functional aspects of the catalyst layer.9a
More specifically, IAA is known to trigger proton pumps across
plasma membranes resulting in the acidification of protoplasts to
effect cell elongation;19 reduce molecular oxygen to superoxide
radical ion and disintegrate hydrogen peroxide (H2O2) to
a hydroxyl radical to create oxidative stress20 and impart better
permeability of ions through the cell membranes.21 It should be
noted that the disintegration of the H2O2 intermediate is the rate-
determining factor in the two-step O2 reduction mechanism at
fuel cell cathodes. Nevertheless, the indole derivative, IAA, is
quite different in its reactivity compared to N-heterocycles such
as imidazole, pyrazole and benzimidazole, deployed frequently as
electrolytes in PEMs due to the presence of both proton-donor as
well as acceptor nitrogen atoms.21
The rest of the study is focused on exploring the effect of IAA
on various performance parameters as it gave the maximum
performance. Accordingly, Fig. 4b shows superimposed steady
state polarization plots of H2/O2 fuel cells (at 60
C) containing
a Nafion115 membrane as the polymer electrolyte, with different
concentrations of IAA in the catalyst layer. The amount of IAA
is expressed as its ratio by weight to the amount of Pt loaded in
the catalyst layer. Thus the catalyst composition of the MEAs
represented in the present figure involves Pt : IAA ratios, 1 : 0,
3 : 1 and 1 : 1. The excellent enhancement in performance of 1 : 1
MEA compared to that of the 1 : 0 MEA, by 150 mW cm2 as
verified by three replicated measurements with 20–25 cycles of
operation in each measurement confirms the enhanced kinetics.
The fuel cell performance (i.e., power density) is found to
increase with increasing proportions of IAA in the catalyst layer,
and attains a maximum at the 1 : 1 ratio and falls back below the
performance of the 1 : 0 cell by 15 mW cm2 in the case of 2 : 3
Pt : IAA composition (data not shown). The enhancedJ. Mater. Chem., 2010, 20, 9651–9657 | 9653
Fig. 5 (a) Electrochemical impedance Nyquist (Z(Im) versus Z(Re))
plots for MEAs with and without IAA in the catalyst layer at a polari-
zation of 180 mV at 25 C. The symbols (—C—,—-—,—<—)
represent experimental data and the dotted lines correspond to the fitted
curve using an equivalent circuit consisting of a single resistor in series
with a parallel RC component. Inset top right: Electrical equivalent
circuit used for fitting the impedance data. Inset top left: expansion of
high frequency part; (b) variation of Rparallel (Rp) with polarization with
IAA content in the catalyst layer.
D
ow
nl
oa
de
d 
by
 C
en
tra
l E
le
ct
ro
ch
em
ic
al
 R
es
ea
rc
h 
In
sti
tu
te
 (C
EC
RI
) o
n 3
0 D
ec
em
be
r 2
01
1
Pu
bl
ish
ed
 o
n 
22
 S
ep
te
m
be
r 2
01
0 
on
 h
ttp
://
pu
bs
.rs
c.
or
g 
| do
i:1
0.1
039
/C0
JM
017
74D
View Onlineperformance of the composite electrodes could be attributed to
the ability of IAA in assisting Pt in ORR catalysis. This can be
easily seen at low over potentials (>300 mV) where the ORR
kinetics plays a crucial role. For example, in Fig. 4a, at 0.6 V,
IAA based MEA gives a current density of 380 mA cm2 against
the 310 mA cm2 of the reference system while other hormone
based MEAs give in the range of only 50 to 180 mA cm2.
Similarly in MEAs with varying IAA concentration, a maximum
of 450 mA cm2 is observed suggesting that a significant role is
played by IAA in enhancing the ORR kinetics. In addition, the
extension of the ohmic polarization region to offer higher current
densities in IAA-modified cells signifies faster mass transport of
species (viz., H+, O2, H2) to the Pt catalyst, which is interestingly
in accordance with the well-known ability of IAA to trigger the
transport of ions across cell membranes.19 For example at 0.4 V,
the reference system gives a current density of only 600 mA cm2
while the IAA based MEA gave 900 mA cm2 suggesting the
improved mass transport and higher access of Pt nanoparticles
that might have been buried in the micropores of the supporting
carbon material. However, there is not much change in the open
circuit potentials indicating that the incorporation of IAA does
not alter the redox equilibrium of the cell.
Subsequently, to discriminate the influence of IAA on various
charge transport parameters, the MEAs are further examined by
the electrochemical impedance technique in the frequency range
of 100 mHz to 100 kHz by simultaneously passing humidified H2
and O2 gases in the anode and the cathode compartments
respectively at 60 C (Fig. 5a). As previous reports have clearly
demonstrated that the cell impedance under similar conditions is
essentially influenced by ORR,22 the impedance measurement in
this work involves a two-electrode system with the anode serving
as both auxiliary and reference electrode while the cathode serves
as the working electrode. The intercept at the real axis in the high
frequency part of the Nyquist (Z(Im) vs. Z(Re)) plots shows
that the overall cell resistance decreases with increasing IAA
content from an Rs value of 0.09 U for MEA without IAA to
0.065 U for the 1 : 1 MEA after which Rs starts increasing with
further increase in IAA concentration (inset top left Fig. 5a).
This suggests that apart from providing higher access of Pt
nanoparticles, IAA increases the transport of ions inside the
electrode thereby decreasing the overall cell resistance. While the
Nyquist plots at open circuit potential do not exhibit any semi-
circular behavior corresponding to charge transfer control, those
at overpotentials (h ¼ Eappl  Eequil) higher than 60 mV indicate
semicircular behavior at lower frequencies. The overall imped-
ance behavior at h ¼ 180 mV, shown in Fig. 5a, signifies a charge
transfer process with a single time constant similar to that
reported for similar systems controlled predominantly by ORR
at low overpotentials (h < 200 mV¼ Eappl Eequil).22 This indeed
corresponds to the activation polarization region in steady-state
polarization plots. When the semicircular region is fitted using
the complex non-linear least squares (CNLS) method, with
a simple equivalent circuit shown in the inset of Fig. 5a, an
interesting decrease in the parallel resistance (Rp) with increasing
IAA content is observed. The same trend in Rp is found at
a range of overpotentials from 80 mV to 200 mV (Fig. 5b). Thus
the impedance studies indicate that incorporation of IAA in the
catalyst layer helps to improve fuel cell performance mainly by
improving the ORR kinetics.9654 | J. Mater. Chem., 2010, 20, 9651–9657Subsequently, we proceed now to explore the influence of IAA
on Pt catalyst utilization. The catalyst slurries with various ratios
of Pt : IAA have been examined using cyclic voltammetry at
a glassy carbon electrode in 0.5 M H2SO4. Accordingly, Fig. 6
shows representative cyclic voltammograms (CVs) of a 1 : 0
catalyst slurry (without IAA) and 1 : 1 slurry superimposed on
the CV of IAA. The absence of significant redox peaks in the case
of IAA (designated as 0 : 1 in Fig. 6) and the stability of the
response with subsequent potential scans indicates that the
hormone is considerably stable under the experimental condi-
tions. This could be verified with reference to earlier reports on
the stability of IAA in aqueous systems.19 SignificantThis journal is ª The Royal Society of Chemistry 2010
Fig. 6 Cyclic voltammograms of catalyst slurries with different amounts
of IAA coated on a 1.5 mm diameter glassy carbon working electrode in
N2 saturated 0.5 M H2SO4 at a scan rate of 50 mV s
1. A Pt wire was used
as the quasi reference electrode and a Pt foil was used as the auxiliary
electrode. Inset: Electroactive Pt area of catalyst slurries with different
amounts of IAA.
Fig. 7 Steady state voltammograms of the catalyst slurries coated on
a glassy carbon working electrode (1.5 mm diameter) in O2 saturated 0.5
M H2SO4 at a scan rate of 10 mV s
1 obtained by rotating the electrode at
a speed of 900 rpm. Excellent enhancement in the limiting current for
ORR is observed after introducing IAA in the catalyst layer.
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View Onlineenhancement (by a factor of 2) in the areas under the O2
reduction and H2 adsorption peaks for the same amount of Pt on
the electrode is evident in the case of 1 : 1 catalyst layer compared
to that without IAA (1 : 0) (Fig. 6). The enormous enhancement
in peak area in the present case clearly reveals that IAA
remarkably increases the electroactive area of the Pt catalyst and
facilitates the mass transport of species to the catalyst surface.
The catalyst utilization with and without IAA is calculated as
follows. The charge corresponding to double layer capacitance
was subtracted. After double layer correction, the electroactive
Pt area was calculated based on the finding that a smooth
polycrystalline Pt-surface shows a hydrogen adsorption charge
of 210 mC cm2. By comparing the electroactive Pt area with the
overall geometric area of the Pt surface (manufacturer’s specifi-
cation) the catalyst utilization is obtained.
It has been found that the electroactive Pt area is doubled after
the addition of IAA to the catalyst layer (peak areaPt : IAA, 1 : 0 ¼
19 m2 g1; peak areaPt : IAA, 1 : 1 ¼ 38 m2 g1). Most importantly,
this enhancement in electroactive Pt area amounts to an increase
in catalyst utilization from 30% to 60% calculated with respect to
the geometrical surface area of Pt. Interestingly, this implies that
the Pt loading in fuel cells can be reduced by 30% by the mere
addition of a few milligrams of the plant hormone in the catalyst
layer. Moreover, the effect of increasing IAA concentration in
the catalyst layer (inset Fig. 6) follows a trend similar to that
observed in the polarization and impedance behavior of the
corresponding MEAs. In addition, the increase in double layer
capacitance (calculated from the non-Faradaic part of the CVs)
by 50 F g1 in the 1 : 1 slurry compared to that without IAA
indicates that the Pt nanoparticles buried in the micropores
might be accessed and thus result in an improved electrocatalyst–
electrolyte interface.
The enhancement in catalyst utilization after adding IAA to
the catalyst layer can be explained as follows. The carbon
support used in the catalyst layer has a complicatedThis journal is ª The Royal Society of Chemistry 2010microstructure with pores of two different sizes namely the
‘macro’ pores formed between a group of agglomerates of
catalyst particles and the ‘micro’ pores representing the spaces
between the particles constituting each agglomerate.6b Vulcan
XC-72 is the most commonly used carbon support in fuel cells
due to its high surface area (229.3 m2 g1). However around 47%
of it consists of micropores.23 An uninterrupted network of
protons between the catalyst particles and the polymer electro-
lyte membrane (PEM) is a crucial factor in cell performance.13
This is ensured in a PEM by using a solution of the ionomer as
binder in the catalyst layers. However, the high molecular weight
of the ionomer (6000 to 7000 g mol1) precludes it from entering
the ‘micro’ pores to access catalyst particles struck up in them.
For example, Kim et al. have demonstrated significant changes in
the pore structure of the catalyst layer, upon manipulating the
aggregate size of polymer electrolyte, poly(benzimidazole) in
different solvents.24 Nevertheless, this problem could be effec-
tively overcome if a low-molecular weight proton conductor
(100–300 g mol1) is used along with the ionomer dispersions as
binders in the catalyst layer, as depicted in Fig. 6.
In order to investigate whether IAA affects the kinetics of
oxygen reduction reaction in the fuel cell, the catalyst/electrolyte
interface has been studied using the rotating disk electrode
(RDE) method. Linear sweep voltammograms (LSV) of the
catalyst layers with (WPt : WIAA 1 : 1) and without IAA in O2
saturated 0.5 M H2SO4, superimposed with the LSV of IAA at an
electrode rotation speed of 900 rpm are shown in Fig. 7. The
absence of a significant redox response in the case of IAA indi-
cates that the molecule itself does not catalyze oxygen reduction
in the absence of platinum. On the other hand, a remarkable
enhancement in the limiting current for O2 reduction is observed
in the presence of IAA in the catalyst layer (jL(1 : 0) ¼ 0.4 mA
cm2; jL(1 : 1) ¼ 1 mA cm2).
This is further confirmed by varying its concentration in the
catalyst layer, when the limiting current density increases with
increasing IAA content upto 1 : 1 (Pt : IAA) after which itJ. Mater. Chem., 2010, 20, 9651–9657 | 9655
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View Onlinedecreases. It should be noted that previous RDE studies under
similar conditions have clearly revealed that the polymer elec-
trolyte film on the Pt surface does not affect the kinetics or
mechanism of ORR except for its effect on reducing the diffusion
coefficient of O2 by 2.5 times compared to that in 0.1 M
H2SO4.
25,26 Accordingly, kinetic parameters were calculated
using the Levich–Koutecky expression,
1
j
¼ 1
jk
þ
"
1:613v1=6
nFCo2D
2=3
O u
1=2
#
(1)
where, jk ¼ nFkCO2 in which, n ¼ number of electrons trans-
ferred, F is the Faraday constant (96485 C mol1), k is the
apparent rate constant (cm s1), CO2 is the concentration of
dissolved oxygen (1.26  106 mol cm3),27,28 Do is the diffusion
coefficient of oxygen (1.93  105 cm2 s1), u is the angular
rotation speed of the electrode (radians s1) and n is the kinematic
viscosity of the electrolyte (1.009  102 cm2 s1).28 In addition,
the apparent rate constants (k) were calculated for O2 reduction
from the intercepts of j1 versus u1/2 plots using the values
reported for the solubility of O2 i.e., 1.22  106 mol cm3.27 The
rate constant values are comparable to the reported ones in
similar systems.29,30 Further calculation using a plot of log(jk) vs.
h yields a value of 5.2  1011 A cm2 for the exchange current
density (jo) for oxygen reduction in the absence of IAA compared
to a value of 1.9  1010 A cm2 the catalyst layer with
WPt : WIAA corresponding to the 1 : 1 composition (Table 1).
The jo values are comparable to those reported for oxygen
reduction in similar systems.31,32
Thus the present investigation demonstrates the promising
role of auxins and cytokinins as additives in the catalyst layer to
enhance the performance of PEFCs with reduced Pt loading.
However, it should be noted that the mode of action of the
hormones in the catalyst layer is not clearly understood from the
above results, which may require in situ spectroscopic monitoring
of the fuel cell electrodes. Also, the effect of hormones on
peroxide-induced degradation of Nafion, Pt dissolution and
redeposition, the poisoning of Pt surface by carbon monoxide
when reformed hydrogen is used as the fuel and the durability of
electrode materials need to be investigated more rigorously.
Although the results of only a few hormones are shown here,
there are many other biomolecules, especially indole derivatives
like tryptophan and melatonin which are known to follow bio-
logical pathways of relevance to fuel cells.33,34Table 1 Comparison of thermodynamic and kinetic parameters of MEAs a
loading
WPt : WIAA
Open
circuit
potentialcell/V
Electro-active
Pt areaa/m2 g1
Catalyst
utilizationa (%)
1 : 0 0.96 19 30
3 : 1 0.92 32 50
1 : 1 0.97 38 60
2 : 3 0.97 16 25
a Calculated from cyclic voltammetry of catalyst slurries in 0.5 M H2SO4.
b Ca
measurements of catalyst slurries in O2-saturated 0.5 M H2SO4 at a potentia
measurements of the MEAs by passing humidified H2 and O2 gases in the an
measurements using a plot of log(jk) versus h.
9656 | J. Mater. Chem., 2010, 20, 9651–9657Conclusions
In summary, the beneficial role of plant hormones viz., auxins
and cytokinins in enhancing the performance of low temperature
H2/O2 PEFCs has been demonstrated in terms of ORR kinetics,
catalyst utilization and fuel cell performance parameters. More
specifically, the auxin, IAA is found to provide a realistic
enhancement in performance compared to that of the well-
established systems employing Pt catalyst, while majority of the
reports on bio-inspired approaches have shown only nominal
improvements in performance, despite their novelty and scientific
interest. Thus the results of this investigation are en route to
improving fuel cell performance using natural products extracted
from plants and other biological systems as vital ingredients to
boost the performance of fuel cells. Though the present study is
concerned with H2/O2 PEFCs, the strategy is expected to be valid
for other reactants like methanol and ethanol and the formula-
tion may serve effective in polymer electrolyte-based systems
other than fuel cells like biosensors. More significant will be the
extension of these results for microbial and other types of bio-
fuel cells.Experimental
Nafion (5 wt% dispersion in lower aliphatic alcohols), indole-3-
acetic acid, indole-3-butyric acid, 6-benzylamino purine and
kinetin were procured from Sigma-Aldrich chemicals Ltd.
Vulcan XC-72 and 20 wt% Pt/C were procured from Arora
Matthey Ltd. Deionized water from Millipore (18 MU cm) was
used for external humidification of the MEAs and for preparing
electrolyte solutions. The Nafion/hormone composite disper-
sions were prepared by dissolving appropriate amount of the
hormones in the commercial Nafion dispersion. The membranes
were cast from the solution at a temperature of 60 C in an air-
oven. UV-visible spectra were recorded at room temperature (25
C) using a Varian Cary50 model dual beam spectrophotometer.
Diffuse reflectance FTIR spectra were recorded using a Perkin-
Elmer Spectrum One spectrophotometer operating at a resolu-
tion of 4 cm1. Solid-state cyclic voltammetry of the composite
membranes was conducted using a setup described in our earlier
report14 with a Solartron SI 1287 electrochemical interface
operated through Corrware software; pH measurements were
carried out using a glass electrode purchased from Eutech
instruments.nd catalyst slurries with varying proportions of IAA with respect to Pt
Apparent rate
constant for
ORRb/104 cm s1
Rs
c/mU cm2
electrode geometric
area Jo
d/A cm2 Active Pt
0.4 17 5.2  1011
0.3 15 3.4  1011
1.6 11 1.9  1011
3.2 15 3.9  1011
lculated from Koutecky–Levich plots derived from rotating disk electrode
l of 0.17 V vs. Hg/Hg2SO4.
c Calculated from electrochemical impedance
ode and the cathode compartments respectively. d Calculated from RDE
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View OnlineThe fuel cell tested was a single cell with a geometric area of 5 cm2
with Nafion115 as the polymer electrolyte membrane. The gas
diffusion layer (GDL) was prepared by brushing a slurry of Vulcan
XC-72, PTFE, water and cyclohexane on a carbon cloth until
a carbon loading of 4 mg cm2 was achieved. The GDL was heat
treated at 350 C for 30 min. Then the catalyst ink was prepared by
mixing 20 wt% Pt/C, Nafion, water and isopropyl alcohol in
a homogenizer for 2 min at intervals of 20 s. The catalyst ink was
then applied on the GDL by brushing so that Pt and Nafion loading
were 0.5 and 0.6 mg cm2 respectively for both cathode as well as
anode. After applying a thin layer of Nafion over the catalyst layer
for achieving optimum Pt catalyst utilization and mass transport of
reactants to the catalyst layer,15 the MEA was obtained by pressing
the two electrodes uniaxially with the Nafion115 membrane in
between at 110 C at a pressure of 1 ton for 4 min. Hormone-
modified MEAs were fabricated by introducing different amounts
of indole-3-acetic acid (IAA) in the catalyst layer by dissolving
them in the catalyst ink (both in the cathode as well as anode).
Proportions (by weight) of IAA with respect to the weight of Pt in
the catalyst layer include WPt : WIAA: 1 : 0, 3 : 1, 2 : 1, 1 : 1, 2 : 3
and 1 : 2. The MEAs were used to form single fuel cells by passing
humidified H2 (80% RH) on one electrode and humidified O2 on the
other at 0.2 slpm through serpentine flow fields designed by Elec-
trochem Inc. The fuel cells were conditioned at 0.2 V for 30 min and
polarization measurements were carried out using an Arbin fuel
cell test station (Model: Arbin-001 MITS Pro-FCTS 5.0-FCTS) at
60 C. The single cells were further analyzed using electrochemical
impedance with a 10 mV rms signal in the frequency range
100 mHz–100 kHz and solid state cyclic voltammetry by passing H2
in the anode and N2 in the cathode.
ORR activity of the catalyst was analyzed independently in
0.5 M H2SO4 by coating a 7 ml of the catalyst dispersion (in
ethanol–water 2 : 4 v/v) on a 1.5 mm diameter glassy carbon
electrode (purchased from Microdevices Ltd.) using cyclic vol-
tammetry. The electroactive Pt area was determined by inte-
grating the area under the hydrogen adsorption peaks based on
the assumption of a charge of 210 mC cm2 on polycrystalline Pt.
Based on the electroactive Pt area and the geometric area of Pt on
the carbon support obtained from manufacturer’s specifications,
the catalyst utilization factor was calculated. In the same elec-
trochemical cell, rotating disk electrode experiments were con-
structed using an Autolab controller coupled to the Autolab
PGSTAT30 bi-potentiostat.Notes and references
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